Abstract: Liquid saturable absorbers have some advantages in some aspects over solid saturable absorbers. In this paper, graphene oxide in heavy water (deuteroxide, D2O) dispersion was fabricated and used as absorber in Q-switched Nd:YAG laser for the first time, to the best of our knowledge. The shortest pulse width of the Q-switched laser is 523 ns, corresponding to a repetition rate of 92.9 kHz. The maximum peak power of Q-switched pulse is 6.6 W. Such a liquid absorber has the virtues of good optical transparency, high heat dissipation, and no contact damage.
Introduction
Q-switched lasers are important to optoelectronics industry because of their applications to remote sensing, range finding, telecommunications and so on. In recent years, the passively Q-switched lasers with semiconductor material such as Cr 4þ :YAG [1] , semiconductor saturable absorber mirrors (SESAMs) [2] as Q-switched elements were reported. In order to obtain high performance pulse lasers, many researchers focused on new type of saturable absorbers. In recent years, carbon based materials such as graphite [3] and charcoal powder [4] were used as absorbers in mode locking operation. Some other kind of carbon based materials such as single-walled carbon nanotubes (SWCNT) and graphene were used for Q-switched absorbers [5] - [10] . Compared with Cr 4þ :YAG absorber and SESAMs, Graphene based absorbers can be fabricated in many more kinds of forms such as directly grown on the substrate [11] , a thin film spin coating to a substrate [12] , plastic structure [13] even in liquid state [14] - [16] .
Comparing with solid saturable absorber, liquid saturable absorber has an advantage in heat dissipation over solid saturable absorber. In addition, the some characteristics of liquid are different from the one of solid, and liquid saturable absorber can be used in some special aspects (e.g., the motion of the scatterers in the liquid saturable absorber of a pulsed laser contributes to reduce the locking band of a laser gyroscope [17] ). By using the carbon nanotubes (CNTs) or graphene dispersed in a liquid, the heat can be dissipated rapidly so that the absorber can withstand high optical powers. In additionally, the absorbers are dispersed in liquid so that no damage exists at the contact between two interfaces. References [18] and [19] demonstrate the graphene/polyvinyl acetate (PVAc) or graphene nano-particles organic solution filled hollow optical fiber. However, the two absorbers were evaporated at 70 or 100 C before acting as absorber for mode locking operation and therefore they are not liquid absorber. Reference [14] demonstrates a real liquid absorber by fabricating a microchannel through the core of a conventional fiber and filling it with SWCNTs dispersed in Dimethylformamide (DMF). Reference [15] shows a saturable absorber incorporating a hollow optical fiber filled with SWCNT/polymer dispersion. The polymer is poly (methyl methacrylate) (PMMA) and the solution is dichlorobenzene (DCB). Both of the two liquid absorbers are organic solutions, which have two short-comings: (a) excessive evaporation speed at normal temperature and (b) much absorption losses between 1 m and 1.5 m. Reference [16] demonstrates an absorber made from graphene oxide aqueous dispersion filled photonic crystal fiber. However, much absorption losses will be brought in water in infrared band so that the length of the liquid absorber should be controlled carefully. In our experiment, we found that heavy water ðD 2 OÞ is the better choice than common water because of less absorption losses between 1 m and 1.5 m (Fig. 1) .
In this letter, we demonstrate a new kind of absorber: Graphene oxide dispersed in heavy water. By using such absorber, 523 ns pulse width corresponding to 92.9 kHz repetition rate is obtained from Q-switched Nd: YAG laser in stable operation.
Experimental Setup
The graphene oxide (GO) used in this experiment were fabricated by ultrasonic agitation after chemical oxidation of graphite. The atomic layer of the sheet is one to three and the diameter of the sheet is 0.1 to 5 m. 10 milligrams of GO sheets were poured into 10 ml 0.1% SDS (Sodium Dodecyl Sulfate) deuteroxide solution. After the ultrasonic process, the dispersed solution of GO was centrifuged to induce sedimentation of large GO clusters. The upper portion of the centrifuged solution was decanted to a bottle for use. The graphene oxide dispersion was poured into a 3 mm think quartz cell and the transmission rate of the dispersion (including the cell) was measured as Fig. 2 . The setup of the passively liquid absorber Q-switched laser is shown in Fig. 3 . The straight cavity was formed by a concave output coupler (OC) mirror with a partial transmittance of 15%, and an absorber cell as a flat mirror. The graphene oxide dispersion cell was made of quartz plates and the outer piece was coated high-reflection (HR) at 1064 nm, so that the cell can act as an absorber as well as an end mirror. In the previous transmission rate measurement, both of the back and front quartz plates were not coated for convenience (Fig. 2) .
The radius of the concave output mirror is 75 mm. A pump module (GTPC-75S, GT LASER CO., LTD, China), will be used in our experiment, which consists of a È3 Â 65 ðmmÞ Nd:YAG crystal and side-pumped by laser diode bars. The light-passing faces of the crystal were coated for antireflection (AR) at 1064 nm. The cavity length in our experiment is 9.7 cm. The gain media is controlled at 20 C by a cool-water machine in order to dispatch the deposited thermal efficiently.
Experimental Results and Discussion
The temporal profiles of the passively Q-switched laser were monitored and analyzed by a 1 GHz analog bandwidth high speed digital oscilloscope (DPO4104B, Tektronix, Inc., USA) and a 1 ns rise time fast photodetector (DET10A/M, Thorlabs, Inc., USA). The long term pulse trains grabbed from the oscilloscope are shown in Fig. 4 . They represent common Q-switched states of this laser. A temporal pulse of the passively Q-switched laser with the width 523 ns at the pump power of 163.9 W is shown in Fig. 5 , which represents the pulse width of the passively Q-switched lasers. From this figure, it can be seen that the passively Q-switched laser can generate short pulse. At the incident pump power of 163.9 W, the shortest pulse width of the passively Q-switched laser is 523 ns and its corresponding repetition rate is 92.9 kHz. A 30A-P-17 power meter (Ophir Optronics Solutions Ltd., Israel) was used to measure the average output powers. The pulse peak power versus pump power for the Q-switched lasers is shown in Fig. 6 . It can be shown from Fig. 6 that the pulse peak power increases approximately linearly with the incident pump power. The threshold pump power for the passively Q-switched laser is 62.58 W. When the pump power increases to 81.95 W, a stable Q-switched pulse train occurs. The maximum pulse peak power of passively Q-switched laser is 6.6 W, when pump power comes to 163.9 W. The dependences of the pulse repetition rate and pulse width versus pump power for the passively Q-switched laser are shown in Fig. 7 . In order to reduce the experimental error, the values of each point in the Fig. 7 are the average value of ten measurements. It can be shown from Fig. 7 that for the case in passively Q-switched laser, the pulse repetition rate increases approximately linearly with the pump power. However, the pulse width decreases approximately linearly with the increasing of the pump power.
Conclusion
In conclusion, graphene oxide in heavy water (deuteroxide, D2O) dispersion was fabricated and used as absorber in Q-switched Nd:YAG laser side-pumped by diode laser, for the first time to the 
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Passively Q-Switched Nd:YAG Laser best of our knowledge. The shortest pulse width and the maximum pulse peak power of passively Q-switched laser are 523 ns and 6.6 W, respectively. The threshold pump power for the passively Q-switched laser is 62.58 W. The repetition rate increases from 35.2 to 92.9 kHz when the pump power increases from 81.95 W to 163.9 W. 
